microorganisms adhere to a surface or interface and are embedded in an extracellular 48 matrix of polymeric substances (2). The formation of these sessile communities and 49 their inherent recalcitrance to bactericidal antibiotics (which require an active, 50 functional target in order to work) are at the origin of many persistent and chronic 51 bacterial infections (21). The formation of pneumococcal biofilms on the mucosal 52 epithelium of children with recurrent or chronic middle ear infections has been recently 53 observed (for a review, see reference 30). 54
Lytic phages are currently being used as an alternative (or as a complement) to 55 antibiotics for the treatment of biofilm-associated infections, mainly those caused by 56 18) . Unfortunately, only a few S. pneumoniae phages have 57 been isolated, and most of them -if not all-are unable to infect encapsulated, clinical 58 pneumococcal isolates (23). In contrast, cell wall hydrolases (CWHs), encoded either by 59 S. pneumoniae or its phages, have been very useful for destroying S. pneumoniae 60 planktonic cells in vitro as well as in animal models (10, 14, 24, 31, 32, 43) . LytA, an 61 N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28; NAM-amidase), is the major S. 62 pneumoniae autolysin. LytC, is a lysozyme (muramidase; EC 3.2.1.17) that behaves as 63 an autolysin at 30°C, a temperature close to that of the upper respiratory tract. Pal, a 64 phage-encoded NAM-amidase endolysin, is encoded by the lytic pneumococcal phage 65 Dp-1, and Ejl is an endolysin encoded by the S. mitis phage EJ-1. As shown in Fig. 1,  66 on October 16, 2017 by guest http://aac.asm.org/
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Streptococci were grown at 37°C without shaking in C medium (19) containing 33 96 mM potassium phosphate buffer at pH 8.0 (CpH8 medium) supplemented (or not) with 97 0.8 mg ml -1 yeast extract (Difco Laboratories) (C+Y medium). 98
The optimal conditions for biofilm formation by pneumococcal cells on polystyrene 99 (PST) plates have recently been described (7). In fact, the same method was used to 100 induce the production of biofilms by all the streptococci examined. All biofilms were 101 produced in Costar 3595 96-well PST microtiter plates (Corning). Cells were grown in 102 C+Y medium to an optical density) of 0.5-0.6 at 595 nm (OD595), sedimented by 103 centrifugation, resuspended in an equal volume of CpH8 medium, diluted, and portions 104 of 200 μl containing 2.2 10 4 CFU were dispensed into each well. After 14-16 h of 105 incubation at 34°C, the biofilm formed was stained with 0.2% crystal violet and rinsed 106 to remove non-adherent bacteria. After solubilizing the biofilm in 95% ethanol (200 μl 107 per well), the OD 595 was determined using an Anthos 2020 microplate absorbance 108 reader (Anthos Labtec Instruments). 109
Staphylococcus cultures for biofilm production were grown in trypticase soy broth 110 (TSB) supplemented with 0.3% glucose and 0.4% yeast extract for 20 h at 37°C with 111 shaking. Cultures were then diluted 1:100 in fresh TSB medium and 200 μl were 112 dispensed into each well of a PST microtiter plates. Biofilms were grown and processed 113 as described above for S. pneumoniae except that plates were incubated at 37°C rather 114 than at 34°C. 115
For observation of the biofilms by confocal laser scanning microscopy (CLSM), 116 bacteria were grown on glass-bottomed WillCo-dishes (WillCo Wells) for 12 h at 34°C 117 and then stained with the LIVE/DEAD BacLight bacterial viability kit L-13152 118 (Invitrogen-Molecular Probes) for monitoring the viability of bacterial populations. 119
Cells with a compromised membrane -considered dead or dying-stain red, whereas 120 those with an intact membrane stain green (29). The biofilms were observed at 63 121 magnification using a Leica TCS-SP5-AOBS-UV CLSM equipped with an argon ion 122 on October 16, 2017 by guest http://aac.asm.org/ Downloaded from laser. The excitation/emission maxima were around 488/500-546 nm. Images were 123 analyzed using LCS software (Leica). Projections were obtained through the x-y 124 (individual scans at 0.5-μm intervals) and x-z planes (images at 3-μm intervals). 125
Expression and purification of the cell wall hydrolases. Escherichia coli 126 recombinant strains were incubated in LB medium containing ampicillin (100 μg ml -1 ). 127
Overproduction of the desired protein was induced with 0.4 mM isopropyl-β-D-128 thiogalactopyranoside. Cultures were centrifuged (10,000 × g, 5 min) and the bacteria 129 resuspended in 20 mM sodium phosphate (SP) buffer (pH 6.9) before their disruption in 130 a French pressure cell press. The insoluble fraction was separated by ultracentrifugation 131 (100,000 × g, 1 h, 4°C), and the supernatant loaded into a DEAE-cellulose column to 132 purify the choline-binding CWHs, namely LytA, LytC, Cpl-1 and Pal, in a single step 133 following a previously described procedure (34). Briefly, the column was exhaustively 134 washed with SP buffer pH 6.9 (or pH 6.0 for LytC and Cpl-1) containing 1.5 M NaCl. 135
The same buffer containing 2% choline chloride was then added and the enzyme-136 containing fractions recovered. The purified enzymes were dialyzed against SP buffer 137 pH 6.9 (or pH 6.0 for LytC and Cpl-1). The overproduction and purification of the Cpl-138 7 lysozyme has been described elsewhere (1). The purity of the CWHs was checked by 139
SDS-PAGE (20). 140
Preparation of radioactively labeled cell walls and assay for enzymatic activity. 141
Pneumococcal cell walls labeled with [methyl- 3 H] choline were prepared by 142 biosynthetic labeling (11). The standard assay conditions for the hydrolysis of the 143 labeled pneumococcal cell walls were those described elsewhere (15), except that the 144 pH of the reaction buffer was adjusted to the optimum for each enzyme. Briefly, 145 pneumococcal cell walls were incubated with the test enzymes at 37°C (or 30°C for 146 LytC) for 10 min and the reaction stopped upon the addition of formaldehyde and 147 bovine serum albumin. Non-digested murein was separated by centrifugation at 12,000 148 × g for 15 min, and the digested ( 
RESULTS AND DISCUSSION 157
In the search for CWHs able to kill biofilm-growing S. pneumoniae, several enzymes, 158 namely, LytA, LytC, Pal, Cpl-1, Cpl-7, and Ejl ( Fig. 1) , known to show lytic activity 159 against planktonic pneumococcal cultures (14, 24), were tested. Since the specific 160 activities of the CWHs vary (indeed, difference may even be seen between preparations 161 of the same enzyme) (5, 6, 13, 37), experiments designed to determine the optimal 162 conditions for biofilm disintegration were performed (not shown). After biofilm 163 formation, planktonic cells were withdrawn, and cells adhered to the wells were 164 carefully washed with CpH8 medium before adding 200 μl of SP buffer. CWHs were 165 used at a final concentration of 150-185 U per well (750-925 U ml -1 ). The pH of the 166 buffer was adjusted to the optimum for each enzyme, except for Cpl-7 where a pH 6.0 167 buffer was employed (Fig. 1) ; incubation proceeded at 37°C for 4 h. With the apparent 168 exception of the LytC lysozyme and the Pal NAM-amidase, all the CWHs produced a 169 low, albeit statistical significant, disintegration of the biofilms (data not shown). Figure  170 2A shows that LytA and the LytA-like Ejl NAM-amidases produced the most 171 noticeable disintegration (around 80%) of the pneumococcal biofilms, followed by the 172 phage lysozymes Cpl-7 (70%) and Cpl-1 (55%). The addition of either hen egg-white 173 lysozyme (HEWL) or bovine serum albumin (both at 100 μg ml -1 ) had not biofilm-174 disintegrating effect. However, in agreement with a previous report (29), proteinase K 175 caused the complete disintegration of the biofilm (Fig. 2A) . It is well known that 176 HEWL does not degrade the pneumococcal cell walls since the vast majority of the 177 on October 16, 2017 by guest http://aac.asm.org/ Downloaded from peptidoglycan N-acetylglucosamine residues are non-acetylated because of the activity 178 of PgdA, an N-acetylglucosamine deacetylase (41). 179
As mentioned above, the Pal enzyme had no apparent effect on the S. pneumoniae 180 biofilms. However, a closer examination of the effect of this NAM-amidase showed that 181
Pal was capable of killing nearly 90% of the biofilm-grown pneumococci after 4 h of 182 treatment (Fig. 2B) . This indicates that this enzyme can kill these bacteria without 183 having any major effect on the biofilm structure, as measured by crystal violet staining. 184
Indeed, the killing of Pal-treated pneumococci involving only minor biofilm 185 disintegration was confirmed by CLSM (Fig. 2C) . 186
The phage lysozymes Cpl-1 and Cpl-7 were very effective at disintegrating S. 187 pseudopneumoniae and S. oralis biofilms, but not those formed by S. mitis B6 strain 188 (Fig. 2D-F) . In contrast, only a weak effect was seen when LytA was added to S. 189 pseudopneumoniae biofilms (Fig. 2D) , whereas no effect was found on biofilms formed 190 by S. oralis T or S. mitis B6 (Fig. 2E-F with LytA or high-dose Cpl-1 remarkably reduced peritoneal bacterial counts compared 213 to controls in a mouse sepsis model. Nevertheless, LytA was the most effective 214 treatment after intravenous injection (32). In the present study, the combined effect of 215 limiting amounts of LytA and Cpl-1 on S. pneumoniae biofilms was superior to that of 216 either enzyme alone (Fig. 3) . here reveal that host-and phage-coded CWHs of the pneumococcal system may be 235 useful, alone or in combination, for the efficient removal of biofilms formed by S. 236 pneumoniae and related streptococci. Moreover, these CWHs have several properties 237 that made them suitable for additional improvements: 1) they are easy to produce in 238 large quantities and in a purified form (34); 2) they possess a modular structure that may 239 allow its manipulation by gene/protein engineering to increase both activity and anti-240 bacterial spectrum (3, 5); 3) bacterial resistance to endolysins has not been reported and 241 antibodies raised again these enzymes do not block their activity (17, 22) . On the other 242 hand, it has been noted that the plasma half-life of these CWHs is quite short, i.e., about 243 15-20 min for Cpl-1 and LytA (22, 32). Thus, it has been pointed out that if lysins are to 244 be used systemically, they will need to be modified to extend their half-life, or they 245 need to be delivered frequently or by intravenous injection (10). However, it should be 246 noted that the elimination half-life of these enzymes in healthy mice is not very different 247 to those of several commonly used β-lactams (e.g., 18-24 min for ampicillin), and is 248 even longer than that of cefotaxime (ca. 12 min) (39).In summary, the characteristics of 249 the CWHs encoded by S. pneumoniae and its phages are encouraging and warrant future 250 research, although testing in humans will be required. 251
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